Abstract~The thicknesses of fundamental illite particles that compose mixed-layer illite-smectite (I-S) crystals can be measured by X-ray diffraction (XRD) peak broadening techniques (Bertaut-WarrenAverbach [BWA] method and integral peak-width method) if the effects of swelling and XRD background noise are eliminated from XRD patterns of the clays. Swelling is eliminated by intercalating Na-saturated I-S with polyvinylpyrrolidone having a molecular weight of 10,000 (PVP-10). Background is minimized by using polished metallic silicon wafers cut perpendicular to (100) as a substrate for XRD specimens, and by using a single-crystal monochromator. XRD measurements of PVP-intercalated diagenetic, hydrothermal and low-grade metamorphic I-S indicate that there are at least 2 types of crystallite thickness distribution shapes for illite fundamental particles, lognormal and asymptotic; that measurements of mean fundamental illite particle thicknesses made by various techniques (Bertant-Warren-Averbach, integral peak width, fixed cation content, and transmission electron microscopy [TEM]) give comparable results: and that strain (small differences in layer thicknesses) generally has a Gaussian distribution in the lognormal-type illites, but is often absent in the asymptotic-type illites.
INTRODUCTION
Mixed-layer I-S crystallites that are less than 50% expandable are composed of stacks of very thin illite crystals that have water and exchange cations absorbed on their basal surfaces. Expandable interlayers in such I~S crystallites are the basal surface interfaces between adjacent illite crystals. The illite crystals that form a stack are termed fundamental illite particles (Nadeau et al. 1984b) , whereas the stacks themselves are termed MacEwan crystallites (Altaner et al. 1988) . The process by which coherently diffracting stacks of illite crystals and their interfaces yield an X-ray pattern for I-S is termed interparticle diffraction (Nadeau et al. 1984c) .
One would like to be able to measure the thicknesses of both MacEwan crystallites and fundamental illite particles because these thicknesses and their distributions may be related to physical and chemical properties and to geologic history. Such measurements have been made on particles separated from rocks using TEM (Nadean et al. 1984a; Merriman et al. 1990; Srodori et al. 1992; Srodofi and Elsass 1994; Sucha et al. 1996; ~rkai et al. 1996) , and using atomic force and scanning force microscopy (Lindgreen et al. 1991; Eberl and Blum 1993) . These measurements are tedious, expensive and so time-consuming that it is impractical to measure more than approximately 100 crystals per sample. This many measurements may yield an accurate mean thickness for a sample, but often are inadequate to determine an accurate distribution of thicknesses.
Thickness measurements by XRD are much more efficient, because an automated XRD scan can measure billions of nano-size crystallites in a few minutes to a few hours. Crystallite sizes then are deduced from XRD peak-broadening calculations. Two methods have been developed for measuring the thickness of MacEwan crystallites: an integral peak width method based on a modified form of the Scherrer equation (Drits et al. 1997 ) which measures mean thicknesses, and the BWA method, based on Fourier analysis of XRD peak shape (Drits et al. 1998 ) which measures mean thicknesses, thickness distributions and strain. Both methods use K-saturated, dehydrated I-S to determine the thickness of stacks of fundamental illite particles (MacEwan crystallites). The mean thickness of the fundamental illite particles themselves can be determined indirectly from either of these XRD thickness measurement techniques when combined with expandability determinations (Equation [19] in Drits et al. 1997) .
This paper describes a new method for measuring mean thickness, thickness distribution and strain of fundamental illite particles directly from XRD peak broadening data. Na-saturated I-S is intercalated with a polymer (polyvinylpyrrolidone) to prevent fundamental illite particles from undergoing interparticle diffraction. This intercalation technique is based on a Table 1 . XRD thickness measurements for PVP-dispersed illite samples. Samples have been described previously in the following publications, and in references found therein: Sucha et al. (1996) , Drits et al. (1997 Drits et al. ( , 1998 , Eberl et al. (1987) and Hunziker et al. (1986) Key: %S = percentage of expandable layers prior to PVP intercalation; I"~ = extrapolated, area-weighted mean thickness (BWA method) of fundamental illite particles measured using the reflection orders listed; a and /32 = lognormal parameters for the distribution of fundamental particle thicknesses measured by the BWA method for 001 reflections; T c = extrapolated mean thickness (BWA method) determined from data for the 005 reflection, corrected for strain using the 001,002, 003 and 005 reflections; strain = root mean square of the strain determined from the same reflections; Ta-Era = area-weighted mean thickness of fundamental illite particles measured from Pt-shadowed samples by TEM; Nnx = area-weighted mean thickness of fundamental illite particles calculated by the fixed cation method; T~v = volume-weighted mean thickness of fundamental illite particles calculated from BWA-measured area-weighted thicknesses using Equation [22] in Delhez et al. (1982) ; T~ = area-weighted mean thickness of fundamental illite particles calculated by the integral peak width method (Drits et al. 1997);  1/i = reciprocal of integral peak width in reciprocal ~ dash = not analyzed; N.D. = not detectable; N.A. = not applicable. method developed previously for intercalating smectite crystals (Beall et al. 1996a (Beall et al. , 1996b , and was inspired by an earlier method that used PVP as a dispersing agent during the zonal centrifugation of soils (Francis 1973) . The shapes of resulting XRD peaks, free from the effects of swelling, then are analyzed by the integral peak width and BWA methods. This technique cannot detect monolayers (elementary smectite particles), because their effect on XRD peak breadth is lost in the background, Therefore, the technique is limited to measuring the thickness of fundamental illite particles that are approximately >-2 nm thick, which means that the method gives accurate mean thicknesses for I-S clays that are less than approximately 50% expandable.
MATERIALS AND METHODS
Na-saturated samples of diagenetic, hydrothermal and low-grade metamorphic I-S previously described (see Table 1 caption) were put into dilute suspension (1 mg clay/mL distilled water), and then mixed with aqueous solutions of polyvinylpyrrolidone (molecular weight = 10,000; hereafter referred to as PVP-10) in the proportion of 5 to 10 mg (solid) PVP-10 to 2.5 mg clay. The mixtures were sonified at low power for approximately 1 rain using a Heat Systems-Ultrasonics, Inc. ultrasonic probe. The mixtures (1.5 to 2 mL) then were hardened at 60 to 90 ~ on 2 cm • 4 cm polished Si-metal wafers that had been cut perpendicular to (100) and glued to glass slides. The Si-substrates produce low-background XRD intensities (Li and Albe 1993) , and the polished surface, together with the effects of the gel, help maximize preferred orientation of the crystals. It is evident from the XRD patterns that the illite crystals are highly oriented in the preparation, with their basal surfaces parallel to the surface of the slide, because no reflections with hk > 0 were observed, and because a small amount of clay (2.5 mg) often yielded large XRD intensities for 00l reflections. Samples were analyzed from 2 and 50 ~ using a Siemens D500 XRD system with a diffracted beam graphite monochromator (necessary for decreasing XRD background noise), CuKct radiation, and a scintillation counter. The tube current and voltage were 30 mA at 40 kV, respectively. The following slit sizes from tube to detector were used: 1 ~ 1 ~ sample, S611er, 1 ~ 0.15 ~ 0.15 ~ The step size was 0.02 ~ and the count time normally was 5 s per step, but up to 20 s per step.
The resulting 001 XRD peaks for highly oriented illite then were measured for mean particle thickness by the integral peak-width method (Drits et al. 1997) and for mean thickness, thickness distribution and strain by the BWA method (Drits et al. 1998 ) using the computer program MudMaster (Eberl et al. 1996) . It is important that the XRD peaks be broadened only by particle size or strain effects, and not by swelling. If swelling is present, then d-values of the higher order 001 reflections may not equal that of the first-order reflection when multiplied by the reflection order. In addition, analysis of all of the 001 peaks should yield the same particle thickness unless strain broadening is present. With strain broadening, calculated particle thickness (not corrected for strain) decreases regularly with increasing reflection order. Moreover, glycol solvation of PVP-10 preparations should not shift or broaden the reflections, although it may tend to decrease peak intensities by loss of particle orientation. If swelling is indicated, then the sample should be reintercalated using a larger proportion of PVP-10.
The effects of improper preparation are obvious when an I-S sample of large expandability is prepared with too little PVP, because XRD patterns exhibit extra peaks and shoulders. Conversely, it is hard to err using too much PVP for this type of sample because XRD peaks are so broad that excess PVP has little effect on peak broadening. The effects of sample preparation on I-S of small expandability are more subtle (Figure 1 ). An XRD pattern for a properly prepared sample of small expandability (2%) is given in the upper pattern (Figure 1) , for which the ratio of PVF-10 to clay is the recommended 2:1. All peaks give approximately the same mean thickness (11 nm) when analyzed by the BWA technique. However, if the ratio of PVP-10 to clay is too small, iUite particles may not intercalate completely, resulting in XRD peaks broadened by swelling related to interparticle diffraction effects, as is demonstrated in the second pattern in Figure 1 (ratio PVP:clay = 1:2). By contrast, if the ratio is too large (10:1 ratio in Figure 1 ), then diffraction from the excess PVP structure itself (bottom pattern in Figure 1 ) may lead to a broadening of XRD peaks. Visual inspection also can be used to determine the quality of sample preparation: the intercalated clay should be invisible in the hardened gel.
The BWA method requires analysis of a sample's interference function, which is extracted from XRD intensities by dividing the intensities by the Lorentzpolarization and layer structure factors (LpG2; Drits et al. 1998) . The layer structure factor for PVP-saturated illite has not been determined theoretically; therefore an approximate LpG 2 factor was devised by using a weighted sum of a normalized, experimental, PVPsmectite LpG 2 factor for illite particle basal surfaces, and of a calculated illite LpG 2 factor for particle interiors. A previous approach for analyzing MacEwan crystallites which used a calculated LpG 2 factor corrected for the K-content of the mixed-layer crystal (Drits et al. 1998 ) did not work for thin (<8 nm) PVPsaturated illites, because on division of the experimental intensities by the calculated LpG 2 factor the resulting interference function became too distorted to an- alyze. Evidently PVP-10 is absorbed on illite surfaces and diffracts as a part of the structure. Calculation of an LpG 2 factor for illite containing 0.89 K per O10(OH)2 was calculated by a standard method (Moore and Reynolds 1989 , using 1-dimensional atomic structures given in their Tables A.3 and A.4) using a program named CalcLpG2, which was written as a Microsoft Excel spreadsheet (available from D. D. Eberl). An LpG 2 factor for a PVP-smectiteSi metal substrate sample was measured using 2.5 mg of a < 1.0 txm sample of Na-Kinney montmorillonite (Khoury and Eberl 1981) which was completely intercalated with 10 mg PVP. An XRD pattern for PVP on an Si substrate was subtracted from the PVP-smectite-Si pattern to remove the effects of excess PVP and of the Si-background. The intensity maximum between 12 and 20 ~ for this corrected pattern then was normalized to a similar intensity maximum for a calculated LpG 2 factor for smectite with 2-H20 having a layer charge of 0.66 (calculated in the same manner as the illite LpG 2 factor using the CalcLpG2 program). This LpG 2 factor is used as a reference for intensity normalization because it strongly resembles the PVPsmectite pattern in that both patterns have the same general shape and both approach zero at the same 20 values. The resulting pattern then was smoothed using an exponential smoothing function (smoothing constant = 0.8) in the Microsoft Excel 5.0a program. The resulting modified experimental LpG 2 factor ( Figure  2A ) then was applied to correct the calculated illite LpG 2 factor ( Figure 2B ) for PVP-smectite basal surfaces ( Figure 2C ) by using an average of the 2 LpG 2 factors that was weighted according to mean crystal thickness (T): where A = (T -1) + T. The correct value of T needed to determine the proportion of basal surfaces for the MudMaster calculation was found by iteration of the MudMaster program, using an educated guess based on integral peak width (Drits et al. 1997 ) for the first iteration. The MudMaster program was run for all samples using a smoothing power of zero for first-order reflections and of 1 for higher orders, and XRD peaks were flipped according to recommendations given in Eberl et al. (1996) . Generally, the extrapolated mean was found to equal the thickness distribution mean; but if the latter was larger, as sometimes occurs if Fourier coefficients are noisy at large sizes, then the distribution was truncated until the 2 means were equal (see Drits et al. 1998 ). This truncation procedure eliminates noise from the distribution, but does not affect the value of the extrapolated mean. Use of an instrumental standard and correction for the Koq -Kot 2 doublet proved to be unnecessary for the range of thickness studied.
EXPERIMENTAL RESULTS
The effect of PVP intercalation on the XRD pattern of a highly expandable I-S (sample DV4) is shown in Figure 3 . The lower pattern is from a sample of airdried, mixed-layer, Rl-ordered I-S having about 45% expandable layers. The upper pattern is from the same clay intercalated with PVP-10, in which the effect of interparticle diffraction, and therefore of swelling, has been eliminated. is from stacks of fundamental illite particles and their interfaces; whereas diffraction for the PVP-10 intercalated sample is from individual fundamental illite particles. The upper pattern passes all of the tests listed previously for a nonswelling sample: each peak gives approximately the same mean particle thickness (2.7 nm) on BWA analysis, and the spacing of each peak is related by n in Bragg's Law to that of the first-order reflection (10.02 .&). The firstorder reflection is so broad that it is shifted to a larger d-value (11.3 ,&) by the LpG 2 factor; but when the LpG z factor is removed by division, the spacing of the 001 peak shifts to 10.03 Jk. Glycol solvation (not shown) has no effect on the 00l reflections, other than to weaken their maximum peak intensities by decreasing particle orientation. Experimental results for other PVP-10 intercalated I-S samples are listed in Table 1 . These results include samples studied (which have been classified into 2 types based on the shapes of their thickness distributions), expandabilities (measured by XRD according to the methods of Srodo6 1980 Srodo6 , 1984 ; area-weighted mean thickness (measured by extrapolation using the BWA technique); lognormal parameters for thickness distributions (c< and 132); root mean square of the strain [(cr~) ~ which is the standard deviation of the strain distribution; see Drits et al. 1998 ]; thicknesses determined from 005 reflections that have been corrected for strain (To); 3 measures of area-weighted mean particle thickness that are independent from the BWA method, including TEM measurements of Pt-shadowed samples (TTEM) that have been corrected for the ab-area of the particles, thicknesses measured by fixed cation content (Nnx; Srodofi et al. 1992) , and area-weighted mean thicknesses measured by an integral peak-width method for the 001 reflection (T~; Drits et al. 1997 ); volume-weighted mean thicknesses (Te,,) calculated from BWA-determined area-weighted thicknesses (Equation [22] in Delhez et al. 1982) for 001 reflections; and the reciprocal of the integral peak width for 001 reflections (1/i).
Two types of crystallite thickness distributions can be distinguished (Table 1 ) using the BWA technique: asymptotic, exemplified by sample RM35D ( Figure 4A) , and lognormal or pseudo-lognormal (approximately lognormal), exemplified by sample RM30 ( Figure 4B ). The circles in Figure 4 indicate the BWA-measured thickness distributions, the solid curves give the theoretical lognormal distribution calculated from these data and the crosses give back-calculated distributions, as will be discussed. Only the distribution in Figure 4B fits the theoretical lognormal curve, which is a common distribution for many types of minerals (Eberl et al. 1990 ). It will be shown in a future paper that the 2 crystal thickness distribution shapes likely originate from different crystal growth mechanisms; the asymptotic-type is formed by nucleation and growth in an open system with a constant nucleation rate, whereas the lognormal distribution is formed by surface-controlled growth in an open system without simultaneous nucleation.
The distributions in Figure 4 were back-calculated to insure that MudMaster can distinguish distributions having asymptotic and lognormal shapes. The distributions calculated using MudMaster from XRD peaks for the natural clays (circles) were used to calculate an XRD pattern for illite (NEWMOD 9 program; Reynolds 1985 Figure 5 . Extrapolated mean thicknesses measured for PVP-intercalated illites by the BWA technique for various 00l reflection orders (A, B, C) and for the strain corrected 005 (D, using lognormal-type illites) compared with thicknesses measured from the 001 reflection. Data from Table 1. then were analyzed using MudMaster to give the backcalculated distributions (crosses), which closely match the experimental distributions. It has been shown previously that many types of distributions can be determined accurately using the MudMaster program (Drits et al. 1998) .
Fundamental illite particle mean thicknesses (To and To) measured by the BWA method for 001 reflection orders greater than 1 are compared to those measured by the same method for the 001 reflection in Figure 5 . The relations are linear, but higher-order reflections ( Figures 5A, B and C) generally give smaller mean thicknesses than do the 001 reflections. This pattern is expected if strain is present within fundamental illite particles. Mean thicknesses calculated for strained illites from 005 reflections can be corrected almost exactly by the BWA method to equal mean thicknesses calculated from the 001 reflections ( Figure 5D ).
The root mean square of the strain (~r2)" varies from zero to 0.20 ,~ between samples, and bears no systematic relation to mean illite particle thickness (Table 1 ). MudMaster calculations show that (try)" for most samples is constant with distance within fundamental illite particles, thereby indicating that the strain (~) distribution for each of these samples is Gaussian (Drits et al. 1998 ). Strain is rare in illites having asymptotic-type crystallite thickness distributions (Table 1) . lllite particle thicknesses measured by the BWA method are compared with those measured by TEM from Pt-shadowed samples and by the fixed cation method (Figure 6 ). The TEM method gives slightly larger mean thicknesses in comparison to the BWA Thickness from Nflx (rim) Figure 6 . Mean thicknesses measured by the BWA method for PVP-intercalated illites for the 001 reflection compared with thicknesses measured by TEM Pt-shadowing (A) and by the Nfix method (B).
method, although the data are sparse. The fixed cation method also yields slightly larger (by about 1.6 nm) mean thicknesses ( Figure 6B ). A plot of thicknesses measured for lognormal-type PVP-dispersed samples by the BWA method and by the integral peak width method for 001 reflections (Figure 7) indicates that the latter method, which was developed using a specific model for the evolution of mean particle thickness with lognormal distribution shape (Drits et al. 1997) , gives slightly larger mean thicknesses. Mean thicknesses calculated by the BWA method require no assumptions concerning the shapes of thickness distributions. New empirical relations are given in the equations in Figure 8 , in which BWA mean thicknesses calculated for 001 reflections are plotted against the reciprocal of integral peak widths Integral peak width thickness (nm) Figure 7. Mean thicknesses measured by the BWA method for PVP-intercalated illites for the 001 reflection compared with thicknesses measured by the integral peak width method of Drits et al. (1997) .
(the reciprocal = maximum intensity/integrated intensity). These equations are a simpler alternative for determining mean illite thickness from integral peak width data than is the method described by Drits et al. (1997) , and they take into account the 2 types of thickness distribution shapes. Figure 9 correlates BWA-calculated area-weighted means with corresponding volume-weighted means (Delhez et al. 1982) for the 2 types of distributions.
SUMMARY
Accurate measurement of fundamental iUite particle thicknesses from XRD peak shape requires minimizing the effects of clay swelling and of XRD background during XRD analysis. This measurement is accomplished by intercalating dispersed, Na-saturated I--S with PVP-10, and 1/001 integral peak width (1/degrees two-thets) Figure 8 . Mean thicknesses measured by the BWA method using the 001 reflection for PVP-intercalated illites compared with the reciprocal of the integral peak width. Area-weighted mean thickness (nm) Figure 9 . Area-weighted versus volume-weighted mean thicknesses determined from 001 reflections by the BWA technique.
by mounting the specimens on metallic Si substrates. Investigation of a variety of diagenetic, hydrothennal and low-grade metamorphic illites demonstrates that there are at least 2 distinct shapes for illite fundamental particle thickness dislributions, asymptotic and lognormal. Strain is rare in the asymptotic-type, and generally has a Gaussian distribution in the lognormal-type, mite fundamental particle mean thicknesses can be measured from PVP-10 intercalated samples by the integral peak width method, by the BWA method or by empirical equations given in Figure 8 . The 001 reflection is best used for particle thickness determinations because it is least affected by swain, which tends to lower the measured mean thickness with increasing reflection order. However, accurate thicknesses can be determined from higher-order reflections if these measurements are corrected for strain broadening.
